We have come a long way since the first reports of the existence of aberrant DNA methylation in human cancer. Hypermethylation of CpG islands located in the promoter regions of tumor suppressor genes is now firmly established as an important mechanism for gene inactivation. CpG island hypermethylation has been described in almost every tumor type. Many cellular pathways are inactivated by this type of epigenetic lesion: DNA repair (hMLH1, MGMT), cell cycle (p16 INK4a , p15 INK4b , p14 ARF ), apoptosis (DAPK), cell adherence (CDH1, CDH13), detoxification (GSTP1), etc . . . However, we still know little of the mechanisms of aberrant methylation and why certain genes are selected over others. Hypermethylation is not an isolated layer of epigenetic control, but is linked to the other pieces of the puzzle such as methyl-binding proteins, DNA methyltransferases and histone deacetylase, but our understanding of the degree of specificity of these epigenetic layers in the silencing of specific tumor suppressor genes remains incomplete. The explosion of user-friendly technologies has given rise to a rapidly increasing list of hypermethylated genes. Careful functional and genetic studies are necessary to determine which hypermethylation events are truly relevant for human tumorigenesis. The development of CpG island hypermethylation profiles for every form of human tumors has yielded valuable pilot clinical data in monitoring and treating cancer patients based in our knowledge of DNA methylation. Basic and translational will both be needed in the near future to fully understand the mechanisms, roles and uses of CpG island hypermethylation in human cancer. The expectations are high. Oncogene (2002) 21, 5427 -5440. doi:10.1038/sj.onc. 1205600
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A brief history of CpG island hypermethylation
To the best of my knowledge, the first discovery of methylation in a CpG island of a tumor suppressor gene in a human cancer was that of the Retinoblastoma (Rb) gene in 1989 (Greger et al., 1989) , only a few years after the first oncogene mutation was discovered in the H-ras in a human primary tumor. However, while genetic lesions in cancer took off from that point and almost monopolized the cancer research field, epigenetic researchers, even to this day, are still trying to catch-up. Not until 1994 was the idea that CpG island promoter hypermethylation could be a mechanism to inactivate genes in cancer fully restored as a result of the discovery that the Von Hippel-Lindau (VHL) gene also undergoes methylation-associated inactivation (Herman et al., 1994) . However, the true origin of the current period of research in cancer epigenetic silencing was perhaps the discovery by pioneering experiments of the laboratories of Dr Stephen Baylin and Peter A Jones Herman et al., 1995; Gonzalez-Zulueta et al., 1995) that CpG island hypermethylation was a common mechanism of inactivation of the tumor suppressor gene p16
INK4a in human cancer. The introduction of powerful and user-friendly techniques, such as sodium bisulphite modification (Clark et al., 1994) and Methylation-Specific PCR (Herman et al., 1996a) , provided keys to open the Pandora's box. From that time onward the list of candidate genes with putative aberrant methylation of their CpG islands has grown exponentially (Esteller et al., 2001a) . Given the myriad publications concerning this subject, perhaps it is time to attempt to clarify some of the issues in order to help direct progression of the field.
The presence of alterations in the profile of DNA methylation in cancer was initially thought to be exclusively a global hypomethylation of the genome (Feinberg and Vogelstein, 1983 and reviewed in Ehrlich, 2000) that would possibly lead to massive overexpression of oncogenes whose CpG islands were normally hypermethylated (see Cheah et al., 1984) . Nowadays, this is considered to be an unlikely or, at best, incomplete scenario. The idea that the genome of the cancer cell undergoes a reduction of its 5-methylcytosine content in comparison to the normal tissue from which it originated is essentially correct, as we also corroborated in a large survey of sporadic and inherited breast and colon tumors (Esteller et al., 2001b) . The popularity of the concept of demethylation of oncogenes leading to their activation is in clear decadency. The first experiments supporting this hypothesis effectively demonstrated DNA hypomethylation, but as only certain methyl-sensitive restriction sites were used a significant amount of this 'demethylation' was present in the 'body' of the genes (internal exons and introns) rather than in the canonical CpG island. In fact, the vast majority of CpG islands are completely unmethylated in normal tissues (reviewed in Bird, 1986) , with the logical exceptions of imprinted genes (Rainier and Feinberg, 1994) and X-chromosome genes in females (Mohandas et al., 1981) . One interesting gene that remains in this category is the chemoresistance MDR-1 gene (Kusaba et al., 1999) . Our own studies were also unable to establish a direct relation between global hypomethylation and generalized gene overexpression (unpublished observations).
However, these early studies reported local areas of DNA hypermethylation (called 'hot-spots', adopting the mutational terminology) in tumors that were absent in the normal counterparts (de Bustros et al., 1988) . A curious example, because it is not by any means a classical tumor suppressor gene, is that of the calcitonin gene, which was found to be hypermethylated in certain solid and hematological tumors (Baylin et al., 1986) . The subsequent detailed characterization of 'bona-fide' tumor suppressor genes, with their respective familial syndromes (as the genetics like it), such as Rb, VHL, p16
INK4a , hMLH1 and BRCA1, in which transcriptional silencing was associated with the hypermethylation of their respective 5'-CpG islands (reviewed in Baylin et al., 2001 ) gave rise to this new epigenetic world.
CpG islands, the human genome and susceptibility to DNA methylation CpG dinucleotide in the human genome is suppressed by a statistical criterion (Bird, 1986) . The proposed reason for this lack of CpG in our genome is spontaneous deamination in the germline during evolution. However, approximately half of the human gene promoter regions contain CpG-rich regions with lengths of 0.5 Kb to several Kbs, known as 'CpG islands' (Bird, 1986) . Although the majority of CpG islands are associated with 'house-keeping' genes, some of them are located in 'tissue-specific genes'. The question of how and which DNA methylation changes in tissue-specific genes occur in cancer remains unanswered. Due to the complexity of the problem and the little information available this will not be dealt in this review. It should also be noted that although the most significant proportion of CpG islands is located in the 5'-untranslated region and the first exon of the genes, certain CpG islands can occasionally be found within the body of the gene, or even in the 3'-region. CpG islands in these atypical locations are more prone to methylation (Nguyen et al., 2001a) and the RNA transcript can cross over them without any evident impediment (Jones, 1999) . Exceptionally, certain small genes can be considered in their totality as a whole CpG island.
Typical CpG islands are devoid of methylation at any stage of development and allow the expression of that particular gene if the appropriate transcription factors are present and the chromatin structure is accessible to them (Figure 1 ). In the transformed or malignant cell certain CpG islands of tumor suppressor genes (real or putative) will become hypermethylated (Jones and Laird, 1999; Baylin et al., 2001) . This is probably a progressive process, in contrast to the sudden appearance of a gene mutation. Perhaps several 'waves' of disregulated methylation will be necessary to produce the dense hypermethylation necessary for transcriptionally silencing that particular promoter anchored in the CpG island. Two obvious theories can be postulated for this aberrant de novo methylation. First, the cancer methylation spreads from normal methylation-centers surrounding the methylation-free CpG island, for example from Alu regions (Graff et al., 1997) . Second, a 'seeding' of methylation exists and certain single CpG dinucleotides in the island became methylated and subsequently this 'attracts' now more methylation. This process has a positive cooperative effect until hypermethylation is achieved. A model that combines prior gene silencing with 'seeds' of methylation has been proposed for the GSTP1 in prostate cancer (Song et al., 2002) . Both hypotheses are plausible and compatible. However, there is not definitive support for either.
Another question on why certain CpG islands became hypermethylated. It has been known for a long time that an overall increase in the enzymatic DNA methyltransferase activity occurs in tumors versus normal tissues (reviewed in Baylin et al., 2001 ). This finding has been supported as a result of the molecular characterization of the genes encoding several DNA methyltransferases (DNMT1, DNMT3a, DNMT3b, DNMT3L and DNMT2), which has shown that the mRNA transcripts of DNMT1 (the classical methylation maintenance enzyme) and DNMT3b (the de novo methylation enzyme) are increased in several solid and hematological malignancies Mizuno et al., 2001) . However, the data is still very puzzling. To consider one example: how do we explain the increase in the activity of the DNMTs in the context of global genomic hypomethylation of the cancer cell? One explanation is that the DNMTs fail to recognize the 'right' sequences to be methylated in a normal cell (DNA repeat regions, intragenomic parasitic sequences, intronic sequences . . .) with the result that CpG islands, that are not usually 'seen' by the DNMTs in a normal chromatin structure, become methylated. To compensate for this deregulation, the cell activates and overexpresses the DNMTs but does so unsuccessfully. It is too late to recover the normal DNA methylation patterns. Let us consider another enigma: how can the maintenance of CpG island methylation in a cancer cell line that is genetically defective in DNMT1 be explained (Rhee et al., 2000) ? Here the answer is simpler, as the other members of the DNMTs family could compensate for the DNMT1 loss in order to maintain 'certain' although not complete, CpG island methylation.
However, all these speculations fail to answer the most critical question: why do certain CpG islands become hypermethylated while others remain unmethylated in a cancer cell? I have always favored the idea that certain CpG islands become hypermethylated rather than others because they confer a selective advantage for the survival of that particular cancer cell. For example BRCA1 undergoes promoter hypermethylation only in breast and ovarian tumors (Esteller et al., 2000a (Esteller et al., , 2001a because only in these tumors types does the lack of this transcript have important cellular consequences. A similar explanation can be advanced for the mismatch repair gene hMLH1: epigenetic silencing only occurs in colon, gastric and endometrial tumors because it is only useful for the biology of these tumors Esteller et al., 1998a Esteller et al., , 2001a Fleisher et al., 1999) . This Darwinian concept is supported by the classical genetic studies of familial tumors: carriers of BRCA1 germline mutations develop predominantly breast and ovarian tumors and carriers of hMLH1 germline mutations mostly develop colorectal, gastric and endometrial tumors. There is a perfect match between the genetic and epigenetic worlds.
A fundamental matter still remains completely unresolved by these data. Why is BRCA1 hypermethylated while BRCA2 is not (Esteller et al., 2000a or b; Collins et al., 1997) ? Why is hMLH1 hypermethylated while hMSH2, hMSH6 and hMSH3 are not Esteller et al., 1998a Esteller et al., , 1999a ? We cannot explain this by recourse to the concept of 'natural selection'. Furthermore, the six genes have similar CpG islands that are theoretically susceptible in the same terms to aberrant DNA methylation. Is there a loss of a specific protective factor of the CpG islands of BRCA1 and hMLH1 that does not occur in BRCA2 or hMSH2? Alternatively, does the CpG island of BRCA1 and hMLH1 become too exposed, almost stripped of its chromatin 'clothes', so that the DNMTs have easy access to them? This area should be the focus of intense research in the years ahead.
Throughout the last 20 years research on cell signaling has carefully characterized the components involved in the transmission of signals. The same molecular dissection should now be applied to elucidate how CpG island hypermethylation leads to transcriptional gene silencing. Perhaps, each step of this chain is specific to each gene or group of genes. One clue to unraveling the enigma was the discovery that DNA methylation results in the formation of nuclease-resistant chromatin and the subsequent repression of gene activity (Keshet et al., 1986) . What are the missing links in this story? Nowadays the most widely accepted explanation of events starts with the binding of certain methyl-binding proteins (MBDs) to the methylated CpG dinucleotides of the densely hypermethylated CpG island. The search for proteins with different binding properties for methylated and unmethylated DNA initially yielded two activities which were named MeCP1 and MeCP2, the first being a complex of proteins and the second a single polipeptide (Lewis et al., 1992) . Further databases searches revealed novel MBD-containing proteins, MBD1, MBD2, MBD3 and MBD4. A new question then arises: are there MBDs specific for subgroups of hypermethylated CpG island of tumor suppressor /p14 ARF locus in the 9p21 chromosomal region Merlo et al., 1995; Gonzalez-Zulueta et al., 1995; Esteller et al., 2000b ). These studies demonstrate that MeCP2 (Nguyen et al., 2001b) and MBD2 (Magdinier and Wolffe, 2001) bind to the hypermethylated CpG islands of p14 ARF and p16 INK4a , although some discrepancies exist perhaps due to the use of different antibodies in the assays. If we improve the instrumental tools, it will signal that it is time to start mapping all the CpG island promoters of tumor suppressor genes for their MBD binding patterns.
Another critical result was provided by the laboratories of Drs Adrian Bird and Alan Wolffe when they proved the association of MeCP2 and histone deacetylase (HDAC) activity in repressing transcription (Nan et al., 1998; Jones et al., 1998) . The remaining MBDs have also proved to be members of similar HDAC complexes. Thus, the current model propose that MBDs recruit HDAC activities to methylated promoters which, in turn deacetylate histones, leading to a chromatin-repressed state of gene transcription. Considering the CpG islands that undergo hypermethylation in the cancer cell, the association of hypoacetylated histones H3 and H4 with a hypermethylated CpG island has now been demonstrated for the p16
INK4a
, p14
ARF , BRCA1, COX-2 and TMS1 genes (Nguyen et al., 2001b; Rice and Futscher, 2000; Kikuchi et al., 2002; Stimson and Vertino, 2001 ). Thus, CpG island hypermethylation and histone hypoacetylation seems to be firmly associated.
The last piece in the epigenetic jigsaw is provided by the finding that the DNA methyltransferases themselves are also associated with HDAC activities (Fuks et al., 2000; Robertson et al., 2000) . The problem of linking these findings with aberrant methylation that leads to the epigenetic silencing of a particular tumor suppressor gene arises from our ignorance of the specific targets of each DNMT. Somatic knock-outs of each DNMT/HDAC and/or overexpression of each DNMT/HDAC experiments associated with global methylation scanning of the genome and/or cDNA microarrays studies will be needed to clarify the specificity (or not) of these proteins for particular CpG islands.
Choosing the best strategy to study CpG island methylation in cancer cells
The first aim of the researcher should be the study of functional methylation, which is normally assumed to be dense CpG island hypermethylation associated with transcriptional silencing. An orientative algorithm is shown in Figure 2 . A clear idea about the described main RNA transcription start sites for that particular gene gives a clue as to where DNA methylation is likely to be important in silencing. If Genebank does not provide this information, a comparison of the human promoter with other species such as the mouse or rat can provide an indication of the putative transcription start site, although some differences may exist and the CpG density differs between species. It is also useful to consider the existence of pseudogenes. Our methylation strategy should be designed to avoid this type of false positive result because most CpG islands in pseudogenes are hypermethylated, as occurs in the case of PTEN. This type of confusion may generate conflicting results. Finally the finding that a gene not expressed in a cancer cell line is reactivated in vitro by the use of general demethylating drugs such as 5-aza is no definitive proof that the gene has methylation-associated silencing. The drug may have induced gene reexpression indirectly (i.e. by damaging the cell or inducing the expression of a transcriptional activator that was really methylated). The only means of obtaining definitive proof is to analyse the methylation status of the CpG island.
As a general rule CpG island methylation should firstly be studied in great detail in cancer cell lines where the amount of material is not limited, preferably by using bisulfite and non-bisulfite methods (employing methylation-sensitive restriction endonucleases). Bisulfite sequencing studies would be ideal for mapping the normal and aberrant patterns of methylation in order to obtain a better design for any subsequently used primer. The cell lines will also allow us to develop the demethylation and reexpression experiments using 5-azacytidine or 5-aza-2-deoxycytidine. Moving to primary tumors, techniques that allow the screening of a large number of samples, such as MSP (Herman et al., 1996a) , will be very useful, although other techniques can also be applied if we want a more quantitative estimate.
To gain a deeper understanding of the DNA methylation patterns of the CpG islands the use of bisulfite-modified DNA is nowadays necessary (Clark et al., 1994) . Bisulfite converts unmethylated cytosine to uracil, while methylated cytosine does not react. This reaction constitutes the basis for differentiating between methylated and unmethylated DNA. Bisulfite modification of DNA requires prior DNA denaturation, as only methylcytosines that are located in singlestrands are susceptible to conversion. Partial denaturation of the DNA is a common event that causes one of the potential artifacts of the method. Total conversion of cytosines to uracils is critical to the success of the analyses. Maximum conversion rates of cytosine occur at 558C (4 -18 h) and 958C (1 h). At this point, special attention must also be paid to the influence of the temperature and incubation time on DNA integrity during the bisulfite treatment since, under these conditions, 84 -96% of the DNA is degraded (Grunau et al., 2001) .
The bisulfite based methods used to study CpG island methylation are: (a) Sequencing. Sequencing bisulfite-altered DNA is the most straightforward means of detecting cytosine methylation. In general, after denaturation and bisulfite modification, doublestranded DNA is obtained by primer extension and the fragment of interest is amplified by PCR (Clark et al., 1994) . Methylcytosine may then be detected by standard DNA sequencing of the PCR products. Cloning PCR products into plasmid vectors followed by sequencing individual clones provide methylation maps of single DNA molecules instead of the average values of the methylation status in the population of molecules provided by direct sequencing. This approach has been helpful in the study of the DNA methylation of genes associated with cancer, such as APC (Esteller et al., 2000c) and Rb (Stirzaker et al., 1997) . (b) Methylation-Specific PCR (MSP). MSP is the most widely used technique for studying the methylation of CpG islands (Herman et al., 1996a; Esteller et al., 2001a) . The differences between methylated and unmethylated alleles that arise from sodium bisulfite treatment are the basis of MSP and are especially valuable in the investigation of CpG islands due to the abundance of CpG sites. Primer design is a critical and complex component of the procedure. The great sensitivity of the method allows the methylation status of small samples of DNA, even those from paraffin-embedded or microdissected tissues, to be studied with a vertical resolution of 0.1%. Due to its versatility, MSP has been widely proposed as a rapid and cost-effective clinical tool of use in the study CpG island hypermethylation in human cancer. For example, MSP has been successfully used to evaluate the responsiveness of human cancer patients to alkylating agents (Esteller et al., 2000d (Esteller et al., , 2002 or to detect tumoral DNA in the serum of cancer patients (Esteller et al., 1999b) . The combination of methylation-specific PCR with in situ hybridization (Nuovo et al., 1999) allows for the methylation status of specific DNA sequences to be visualized in individual cells.
Finally, another MSP variation is 'MethyLight' , which uses fluorescence-based real-time PCR technology. DNA is modified by the bisulfite treatment and amplified by fluorescence-based, real-time quantitative PCR using locus-specific PCR primers flanking an oligonucleotide probe with a 5'-fluorescence reporter dye and a 3'-quencher dye. Fluorescence detection greatly increases the sensitivity and vertical resolution of the method, making it possible to detect a single methylated allele in 10 000 unmethylated alleles. Semiquantitative MethyLight data can be obtained by using a number of different probes for the sequence of interset. (C) Other bisulfitebased techniques: (1) Combined bisulfite restriction analyses (COBRA) (Xiong and Laird, 1997 ) constitute a highly specific approach releasing on the creation or modification of a target for restriction endonuclease after bisulfite treatment. It provides semiquantitative data concerning the methylation status at specific regions. (2) Methylation-sensitive Single nucleotide Primer Extension (Ms-SnuPE) employs bisulfite/PCR combined with single-nucleotide primer extension to analyse DNA methylation status quantitatively in a particular DNA region without using restriction enzymes (Gonzalgo and Jones, 1997) . (3) Methylation-Sensitive Single-Strand Conformation Analysis (MS-SSCP). Bisulfite modification of DNA generates sequence disparities between methylated and unmethylated alleles, which can be resolved by SSCP (Bianco et al., 1999) . In addition to classical non-denaturing slab gel electrophoresis, High Performance Capillary Electrophoresis (HPCE) techniques can also be considered as an alternative approach to resolving PCR nucleotide changes produced after bisulfite modification of the DNA (Suzuki et al., 2000) .
Gene hypermethylation in human cancer: pathways, profiles and significance
We know that cancer is a disease of multiple pathways and genetic lesions and all of them are necessary to develop a fully established tumor. The story is the same for epigenetic lesions. The presence of CpG island promoter hypermethylation affects genes involved in cell cycle (p16 INK4a , p15 INK4b , Rb, p14 ARF ), DNA repair (BRCA1, hMLH1, MGMT), carcinogen-metabolism (GSTP1), cell-adherence (CDH1, CDH13), apoptosis (DAPK, TMS1), etc. Table 1 shows the most relevant hypermethylated genes in human cancer reported so far. In the last 3 years the number of genes known to undergo promoter hypermethylation in cancer has grown substantially. In fact, this prolific number of putative tumor suppressor genes with theoretical epigenetic inactivation may lead the researcher to believe that all their favorite genes suffer aberrant methylation and are equally important in the genesis of cancer. In the following paragraphs I will discuss some data and considerations in an attempt to order this amorphous body of information.
First, a profile of CpG island hypermethylation exists according to the tumor type (Esteller et al., 2001a) . We have demonstrated that this specific pattern of hypermethylation is a function of the tissue of origin of the neoplasm using a candidate gene approach with the most widely recognized tumor suppressor genes (Esteller et al., 2001a) . The laboratories of Christoph Plass and Joseph Costello have reached the same conclusion using a global genomic methylation scanning (Costello et al., 2000) . Both approaches provide complementary and useful information. We have also demonstrated that this carefully respected pattern of epigenetic inactivation is not only a property of the sporadic tumors, but also that neoplasms appearing in inherited cancer syndromes display CpG island hypermethylation specific to the tumor type (Esteller et al., 2001b) , where even occasionally acts like a second hit to inactivate the familial gene (Esteller et al., 2001b) . In this context, numerous reports have appeared in the literature characterizing the spectrum of gene hypermethylation for particular tumor types. We can call this the 'Methylotype', for the sake of analogy with the genetic term 'Genotype' (such as Zochbauer-Muller et al., 2001a; Eads et al., 2001 ). If we consider all these data, several matters arise. First, there are tumor types that have more methylation of the known CpG islands than others: for example the most hypermethylated tumor types are originated from the gastrointestinal tract (esophagus, stomach, colon), while significantly less hypermethylation has been reported in other types such as ovarian tumors (Esteller et al., 2001a) (Figure 3 ). One explanation is that the hypermethylated genes for this type have not yet been found, but another attractive reason may be that the more hypermethylated types are those that are more exposed to external carcinogen agents. Second, another conclusion is that there is a clear gradient of the distribution of tumors with different degrees of CpG island methylation: from tumors with no CpG islands until neoplasms with a very high number of hypermethylated islands. Thus, it seems unlikely the existence of a very common phenotype of tumors that hypermethylates every CpG island.
I would like to make a few more technical and biological points aimed at researchers studying DNA methylation in CpG islands. The first concerns to the almost complete lack of reported results on good candidate CpG islands that after careful experimental analysis have been found to be unmethylated in the tumors examined. It is important that all these negative results surface in some way in the scientific community in order to avoid giving the false impression that each gene that is not mutated in a cancer is methylated. The reports of absence of hypermethylation of BRCA2, hMSH2, hMSH3, hMSH6, PTEN, p19
INK4d and other genes (Collins et al., 1997; Esteller et al., 1999a; Cairns . This locus has a high rate of loss of heterozygosity in a wide variety of tumors, but especially in non-small cell lung carcinoma. For years the mutational screening of multiple candidate genes in this region has proved fruitless: the answer may be that several genes are 'hit' by epigenetic inactivation and this justifies the extraordinarily higher rate of LOH in the remaining allele. However, is this genome area really prone to disregulated methylation or are some of these genes in fact imprinted genes or is the high density of genes and CpG islands at that locus responsible for this putative methylation hot-spot? Similar cases can be at least proposed for the 1p35 and 11p15 chromosomal regions. A third subject concerns a personal observation of the genomic structure of numerous genes that have CpG island hypermethylation: they usually have two different promoters both with CpG islands (although with different CpG density); a strong one from which the main transcript originates and a weaker one from which a minor transcript is started. This is the case for example of the BRCA1, APC, RASSF1, ER, ENDBR or RARb2 genes that commonly undergo aberrant methylation (Esteller et al., 2000a (Esteller et al., , 2001c ; Dammann et , MGMT, hMLH1, BRCA1, GSTP1, DAPK, CDH1, p73 and APC) is shown according to the most common types of human tumors. (b) the other side of the coin: the frequency of CpG island hypermethylation of ten particular tumor suppressor genes in the tumor types described in a. In the cases of p15
INK4b and hMLH1 an overestimation exists due to the high number of leukemias and microsatellite unstable tumors included, respectively al., 2000; Ottaviano et al., 1994; Pao et al., 2001; Widschwendter et al., 2000; Virmani et al., 2000) . Even if we take the paradigm of promoter hypermethylation, the p15
INK4b /p14 ARF /p16 INK4a locus Merlo et al., 1995; Gonzalez-Zulueta et al., 1995; Esteller et al., 2000b; Herman et al., 1996b) (Figure 3) , we can consider that it behaves like a gene (INK4a/ARF) with two different promoters. One that originates p14 ARF with its own CpG island and another that originates p16
INK4a also with its own CpG island. It may be worth investigating whether this particular gene structure may predispose in any way to hypermethylation, perhaps due to the misplacement of the DNMTs.
Hypermethylation versus mutation: a comparison and their symbiotic relation
When the first genetic mutation was discovered in a human cancer, the idea that a large number of genes would be found mutated in all tumors was predominant. However, 20 years later only two genes, the oncogene K-ras and the tumor suppressor p53 have been found to be consistently mutated in a high proportion of tumors across different cell types. This concept of how to transform expectations to reality should also be applied to CpG island hypermethylation. The daily growing list of genes that may undergo epigenetic inactivation should be closely scrutinized. A few recommendations may be useful to highlight those important genes with respect to those that are of secondary interest. First, the methylation at that particular CpG island should be absent from any normal tissue studied and should correlate precisely with transcriptional silencing. What is the relevance of finding any methylation if it does not correlate with the particular inactivation of that gene? Second, if methylation has a causality role in the genesis of cancer it should be an early event in tumorigenesis. This is the case of p16
INK4a , p14 ARF and MGMT (Esteller et al., 2000b in colorectal adenomas and hMLH1 in endometrial hyperplasias (Esteller et al., 1999a) and gastric adenomas (Fleisher et al., 2001) . Third, the prior existence of genetic or expression data involving that particular gene in human tumorigenesis would be of great value. For instance: (a) we have reliable genetic data concerning inherited cancer associated with germline mutations in BRCA1 and hMLH1, and although these genes are very infrequently mutated in sporadic cases, promoter hypermethylation participates in inactivating them in that setting (Esteller et al., 1998a (Esteller et al., , 2000a Dobrovic and Simpfendorfer, 1997; Herman et al., 1998) ; (b) the hypermethylated gene resides in a region that has a high rate of LOH, pinpointing the presence of a putative tumor suppresor gene: for example the 9p21 locus of p15
INK4b
, p14 ARF and p16 INK4a , the 1p35 locus of p73 (Corn et al., 1999) and the 3p locus of several newly hypermethylated genes (Dammann et al., 2000; Zochbauer-Muller et al., 2001b; Tomizawa et al., 2001; Widschwendter et al., 2000; Virmani et al., 2000) ; (c) Finally, the existence of published studies reporting the loss of RNA protein or activity of that specific gene, an archetypal example being the DNA repair gene MGMT (Esteller et al., 1999c) .
However, of the most important steps for conferring CpG island hypermethylation a critical role in the origin and progression of a tumor is the demonstration of biological consequences of the inactivation of that particular gene. A good example is provided by the DNA repair (hMLH1, MGMT and BRCA1) and carcinogen-detoxifiers (GSTP1) genes, in which methylation-associated inactivation may change the entire genetic environment of the cell. Let us examine these illustrative cases.
Microsatellite unstable (MSI) tumors are defined by the presence of aberrant insertions or deletions of mono-or dinucleotides repeats when the tumors are compared with their normal counterparts. This represents a measurable reflection of a 'defect' in the DNA mismatch repair (MMR) pathway. MSI is a typical feature of tumors from patients with hereditary nonpolyposis colorectal carcinoma (HNPCC), attributed to germline mutations in the DNA mismatch-repair genes, mainly hMLH1 and hMSH2. As MSI positive tumors were also observed in the spontaneous cases, genetic mutations in those same MMR were assumed to be the cause of the sporadic cases. However, unexpectedly, MMR mutations were found in fewer than 10% of sporadic MSI+ tumors. The reason for this lack of MMR mutations is that the main cause of the presence of MSI in the sporadic cases of colorectal, endometrial and gastric cancer is the transcriptional inactivation of hMLH1 by promoter hypermethylation (Kane et al., 1997; Herman et al., 1998; Esteller et al., 1998b Esteller et al., , 1999a Fleisher et al., 1999) .
An exciting new example of how promoter hypermethylation affects the genome of the cancer cell is provided by the DNA repair gene O 6 -methylguanine DNA methyltransferase (MGMT) (Pegg et al., 1995) . In recent years a growing list of publications describing 'which' genes are mutated, but it still remains a question as to 'how' these mutations are induced. The base guanine can suffer a chemical modification, the addition of a methyl-or alkyl-group. The abnormally generated O 6 -methylguanine is read as an adenine by the DNA polymerases and thus may generate G to A mutations. Our cells are protected against this mutation by the DNA repair gene O 6 -methylguanine DNA methyltransferase (MGMT) (Pegg et al., 1995) which removes the promutagenic O 6 -methylguanine. However, we have recently shown that the DNA repair gene MGMT is transcriptionally silenced by promoter hypermethylation in primary human tumors (Esteller et al., 1999c) . These tumors might accumulate a considerable number of G to A transitions, some of them affecting key genes, in a similar way that loss of the hMLH1 mismatch repair gene by methylation targets other genes. This information has led to our finding that the hypermethylation-associated inactivation of MGMT gives rise to the appearance of G to A transition mutations in the oncogene K-ras (Esteller et al., 2000e) and the universal tumor suppressor p53 (Esteller et al., 2001c) in human colorectal tumorigenesis. Our results have been subsequently corroborated by three different groups in lung, brain and gastric tumors (Nakamura et al., 2001; Wolf et al., 2001; Park et al., 2001) . Our findings are demonstrate that an epigenetic lesion can cause a known genetic lesion in genes that are of key importance in the development of cancer (Esteller et al., 2000e, 2001c .
Finally, two more genes related to potential DNA lesions undergo inactivation by promoter hypermethylation, the glutathione S-transferase P1 (GSTP1) and the breast cancer familial gene BRCA1. GSTP1 is a member of the glutathione-s-transferases superfamily that catalyzes the conjugation of the peptide glutathione with electrophilic compounds including carcinogens, resulting in less toxic and more readily excreted metabolites. Changes of GSTP1 expression had been widely documented, but its cause was unclear until aberrant methylation of the GSTP1 CpG island in prostate, breast and kidney carcinoma was reported (Lee et al., 1994; Esteller et al., 1998b) . Epigenetic inactivation of GSTP1 might bring out the accumulation of these dangerous compounds (perhaps from the estrogen metabolism?) that covalently bind to DNA by forming stable apurinic adducts and perhaps mutations. The case of the tumor suppressor gene BRCA1 gene, responsible for almost half of the cases of inherited breast cancer and ovarian cancer, is also of interest here. The scientific community was puzzled by the absence of BRCA1 somatic mutations, but our group (Esteller et al., 2000a (Esteller et al., , 2001b and others (Dobrovic and Simpfendorfer, 1997; Catteau et al., 1999) have demonstrated that BRCA1 promoter hypermethylation leading to BRCA1 loss of function is present in breast and ovarian primary tumors and cell lines. The cellular function of BRCA1 is still unclear, but function in transcriptional regulation is suggested by the interaction of BRCA1 with the RNA helicase A and the histone deacetylase complex, both key elements of the transcriptional machinery. A role for BRCA1 in DNA repair, especially in double-strand break repair and initiation of homologous recombination is strongly suspected. We can consider BRCA1 hypermethylation to be of even greater importance given that this epigenetic lesion produces the same profound disruption of expression profiles as do the BRCA1 germline mutations (Hedelfank et al., 2001) .
I have outlined how epigenetic changes, promoter hypermethylation of DNA repair genes, cause a range of genetic changes, from specific point mutations to gross genomic alterations. However, this is probably a two-way street. Genetic alterations affecting genes involved in the establishment and maintenance of the methylation patterns, DNA methyltransferases (DNMT1, DNMT3a and DNMT3b are those currently known), demethylases (the proposed DMTasa) and methyl-binding proteins (MeCP2); the histone acetylases (HATs such as p300, pCAF and CBP) and deacetylases (HDAC1 and 2); and the chromatinremodeling factors (such as the SWI/SNF family) are first-choice candidates in this context. In support of this hypothesis, germ line mutations in DNMT3b are associated with abnormal methylation patterns but not with cancer.
One of the most critical steps in giving CpG island methylation its true value is the fact that it should occur in the absence of gene mutations. Both events (genetic and epigenetic) abolish normal gene function and their coincidence in the same allele would be redundant from an evolutionary stand-point. The selective advantage of promoter hypermethylation in this context is provided by multiple examples but three are worth mentioning. First, the cell cycle inhibitor p16
INK4a in one allele of the HCT-116 colorectal cancer cell line has a genetic mutation while the other is wildtype: p16INK4a hypermethylation occurs only on the wild-type allele, while the mutated allele is kept unmethylated (Myohanen et al., 1998) . The same selectivity of p16INK4a hypermethylation for the wild-type allele, keeping the mutant allele unmethylated, has also been observed in a bladder transitional cell carcinoma cell line (Yeager et al., 1998) . A second example is that of APC, the gatekeeper of colorectal cancer which is mutated in the vast majority of colon tumors. When APC methylation occurs in that type, it is clustered in the APC wild-type cases (Esteller et al., 2000c) . And finally we have recently demonstrated that in colorectal and breast tumors from families that harbor a germline mutation in the tumor suppressor genes hMLH1, BRCA1 or LKB1/STK11, only those tumors that still retain one wild-type allele undergo CpG island hypermethylation (Esteller et al., 2001b) . These results put CpG island hypermethylation on a par with gene mutation for accomplishing selective gene inactivation.
Another way to demonstrate that CpG island hypermethylation of a given gene is important for the cancer cell is to study the effects of its reexpression. We should again remember that the hypermethylated gene is silent, but its structure is intact, and the use of demethylating agents may restore its normal functionality: this phenomenon has been exemplified in at least three cases: p14 ARF , hMLH1 and DAPK. Among its other functions, p14
ARF inhibits the MDM2-mediated degradation of p53. In cancer cell lines methylated at p14ARF, p53 is degraded (Esteller et al., 2000b) . The treatment of these cell lines with a demethylating agent induces the expression of p14ARF which then sequesters MDM2, preventing the destruction of p53 (Esteller et al., 2001d) . Some colorectal and endometrial cell lines also have the phenotype of microsatellite instability due to hMLH1 hypermethylation . In vitro demethylation of hMLH1 restores the DNA mismatch repair capacity of those cells . In leukemia cell lines, apoptosis induced by gamma-interferon is inhibited by the epigenetic silencing of its mediator DAPK, but it is restored if we induce DAPK reexpression by hypo-methylating its promoter (Katzenellenbogen et al., 1999) . An alternative approach is the reintroduction of the unmethylated gene in methylated cell lines. A striking example is that of the cytokine signaling suppressor SOCS-1: transfection of SOCS-1 in epigeneticaly silenced cell lines suppressed cell growth through JAK/STAT inhibition (Yoshikawa et al., 2001) . These two types of functional assays that restores gene function, by chemical demethylation or exogenous overexpression, are very useful component for emphasizing the relevance of gene that undergoes CpG island hypermethylation in human cancer.
Translational use of CpG island hypermethylation in tumors: it is the right time
Great expectations have been raised by the large amount of genetic information regarding cancer biology that has been gathered in the past two decades. However, we are nowhere near exhausting its potential. CpG island hypermethylation of tumor suppressor genes may be a valuable tool in the essential transfer of research from the 'bench' to the 'bed-side'. One obvious advantage over genetic markers is that mutations occur at multiple sites and can be of very different types. In contrast, promoter hypermethylation occurs within the same region of a given gene in each form of cancer, thus we do not need to test the methylation status first to assay the marker in serum or a distal site. Furthermore, the detection of hypermethylation is a 'positive' signal that can be accomplished in the context of a constellation of normal cells, while certain genetic changes such as LOH or homozygous deletions are not going to be detected in a background of normal DNA. Three major clinical areas can benefit from hypermethylation-based markers: detection, tumor behavior and treatment (Figure 4) .
Detection of cancer cells using CpG island hypermethylation as a marker of cancer cells
In recent years, we (Esteller et al., 2001a) and other groups have extensively mapped an increasing numbers of gene CpG islands aberrantly hypermethylated in cancer from most classes of human neoplasia. Only those methylation markers that are always unmethylated in normal 'healthy' cells can be included in this panel. If we want to use these epigenetic markers in the real world, we will need to use quick, easy, nonradioactive and sensitive ways to detect hypermethylation in CpG islands of tumor suppressor genes, such as methylation-specific PCR technique. CpG island hypermethylation has been used as a tool to detect cancer cells in broncoalveolar lavage (Ahrendt et al., 1999) , lymph nodes (Sanchez-Cespedes et al., 1999) , sputum (Palmisano et al., 2000) , urine (Cairns et al., 2001) , semen (Goessl et al., 2000) , ductal lavage (Evron et al., 2001 ) and saliva (Rosas et al., 2001 ). Thus, we have shown its versatility across multiple tumor types and environments.
An exciting new line of research was also initiated in 1999 when we showed that it was possible to screen for hypermethylated promoter loci in serum DNA from lung cancer patients (Esteller et al., 1999b) . Following our observation, a great number of studies have corroborated the feasibility of detecting CpG island hypermethylation of multiple genes in the serum DNA of a broad spectrum of tumor types (such as Kawakami et al., 2000; Grady et al., 2001) , some of them even using semiquantitative and automated methodologies. The detection of DNA hypermethylation in serum or biological fluids of cancer patients (and even patients at risk of cancer) should encourage academic, governmental and private agencies to create consortiums of different institutions (and even countries) to develop comprehensive studies to validate the use of these markers in the clinical environment.
CpG island hypermethylation as a marker for tumor behavior
This is far from being a specific property of the epigenetic lesions. In recent years, attempts have been made in the genetics field to establish the tumor prognosis, for example, through the study of p53 mutations. However, one crucial point is that we now have an arsenal of hypermethylated genes that may define different clinical phenotypes. There are two components: prognostic and predictive factors. Prognostic factors will give us information about the virulence of the tumors. For example, Death Associated Protein Kinase (DAPK) and p16
INK4a
hypermethylation has been linked to tumor virulence in lung and colorectal cancer patients (Tang et al., 2000; Esteller et al., 2001e) . Further candidates awaiting analysis to determine their relation to enhanced metastasizing or angiogenic activity in primary tumors include the aberrant methylation of E-cadherin (CDH1), H-Cadherin (CDH13) or Thrombospondin-1 (THBS-1), respectively. The second component is the group of factors that predict response to therapy. For example, the response to cisplatin and derivatives may be a direct function of the methylation state of the CpG island of hMLH1 (Plumb et al., 2000) . Nevertheless, the most compelling evidence is provided by the methylation-associated silencing of the DNA repair MGMT in gliomas and lymphomas, which indicates patients who will be sensitive to chemotherapy with carmustine (BCNU) (Esteller et al., 2000d) or cyclofosfamide (Esteller et al., 2002) .
CpG island hypermethylation as target for therapy
For several years we have been able to reactivate hypermethylated genes in vitro. One obstacle to the transfer of this technique to human primary cancers is the lack of specificity of the drugs used. Demethylating agents such as 5-azacytidine or 5-aza-2-deoxicytidine (Decitabine) (Baylin et al., 2001) inhibits the DNMTs and cause global hypomethylation , and we can not reactivate solely the particular gene we would wish to.
New chemical inhibitors of DNA methylation are being introduced, such as procainamide, and provide us with more hope, but the non-specificity problem persists. If we consider that only tumor suppressor genes are hypermethylated this would not be a great problem. However, we do not know if we have disrupted some essential methylation at certain sites, and global hypomethylation may be associated with even greater chromosomal instability (Chen et al., 1998) . Another drawback is the toxicity to normal cells, a phenomenon that was in fact observed with the first higher doses used. However, these compounds and their derivatives have been used in the clinic with some therapeutic benefit, especially in hematopoietic malignancies (Wijermans et al., 1997; Schwartsmann et al., 1997) . The discovery that lower doses of 5-azacytidine associated with inhibitors of HDACs may also reactivate tumor suppressor genes was encouraging (Cameron et al., 1999) . Several Phase I trials to test this strategy in human cancer patients are underway. 5-aza-2'-deoxycytidine alone can even induce reexpression of certain silenced tumor suppressor genes that do not have an apparent CpG island hypermethylation, such as APAF-1 (Soengas et al., 2001) . These new findings have proved very attractive to several pharmacological and biotech companies and they are now studying how to accomplish demethylation of cancer cells using novel approaches such as antisense constructs or ribozymes against the DNMTs. Nevertheless, we are still left with the obstacle of nonspecificity. Other companies tackle the problem using gene therapy-like strategies where we reactivate specifically a targeted methylated gene, but the studies are still in their infancy. Thus, a great deal of the promise remains to be fulfilled.
Summary and perspectives in an epigenetics world
Epigenetic changes have become established in recent years as being one of the most important molecular signatures of human tumors. The discovery of hypermethylation of the CpG islands of certain tumor suppressor genes in cancer links DNA methylation to the classic genetic lesions with the disruption of many cell pathways, from DNA repair to apoptosis, cell cycle and cell adherence. Promoter hypermethylation is now considered to be a bona fide mechanism for gene inactivation. However, important questions await answers, such as the characterization of the factors involved in susceptibility and protection against CpG methylation and the intimate molecular routes that links CpG methylation to transcriptional silencing. The introduction of bisulfite methodology coupled with PCR techniques has popularized the studies of epigenetic lesions in human neoplasia, but the new genes that undergoes aberrant methylation require close scrutiny in order to select those that are genuinely important for human tumorigenesis. Finally, CpG island hypermethylation has demonstrated its great versatility for the molecular monitoring of cancer patients, and is a likely target for future and smarter therapeutic approaches.
